This study investigated the dielectric breakdown characteristics of thermal oxide films grown by dry and wet oxidation. Oxide films grown by wet oxidation have lower B-mode failure rates and higher B-mode breakdown fields. On the other hand, the reliability of C mode of oxide films does not differ consistently behveen films grown by dry and wet oxidation. These results indicate that as-grown defect causing B-mode failure may shrink or be reduced during wet oxidation.
I. INTRODUCTION
The reliability of gate oxide is a crucial problem in metal-oxide-semiconductor (MOS) devices such as DRAM and flash memory. The demand for the reliability is be.coming severe because oxide thickness become thinner and tota gate area increases with the increase of device integration. The reliability of oxide is complexly influenced by various factors, such as device structure, process conditions,' and the crystal and surface quality of silicon wafers.' In this study we investigated the effect of the oxidation ambient gas (dry 02, wet 02j on the breakdown characteristics of thermal oxide films of various thicknesses, and in this report we discuss the meaning of the different breakdown characteristics.
II. EXPERIMENTS
The experiments reported here used 5 in. B-doped P-type wafers with (100) orientation and with a resisfivity of 10 Sz cm, [O,]= 1.5X 101s/cm"(old ASTMj. Before these wafers were oxidized they were cleaned with SC1 (NH,OH -i-H, 02+HzOj and SC2 (HCl+H,OP+H,Oj solutions. Oxidation temperature was 900-1000 "C for dry oxidation and 350-900 "C for wet oxidation. In wet oxidation, the ratio of Hz/O2 was WJ.0. Polysilicon was deposited by chemical vapor deposition (CVD) at 640 "C for 72 min. Phosphorus was then deposited at 900 "C for 20 min, and this deposition was followed by a drive-in processes at 1000 "C for 60 min in wet O2 to make the polysilicon conductive homogeneously. Time zero dielectric breakdown (TZDB) and time-dependent dielectric breakdown (TDDBj characteristics were measured. In TZDB measurement the electric field increased in 0.1 MV/cm steps with a delay time of 0.1 s; breakdown was considered to have occurred whe.n the current density reached 1Ofl pA/cm2. In TDDB measurement, a constant stress of 1 A/cm" was applied and the total charge Qbd (C/cm') injected to the oxide before breakdown was measured. The gate area used in TZDB measurement was relatively large (0.2 cm') so that we could see B-mode (defect relatedj failure. The gate area used in the TDDB measurement, on the other hand, was three orders of magnitude smaller (0.0001 cm') so that we could investigate the quality of C-mode (intrinsicj breakdown. Eighty-one (9X9) points on the 5 in. wafer were measured.
Ill. RESULTS AND DISCUSSION
Figures 1 and 2 show the results of TZDB measurement for MOS capacitors grown in (lj dry and (2) wet oxidation ambicnts, and Eig. 3 shows the thickness dependence of the average breakdown field. It is clear that the average breakdown voltage decreases with increasing oxide thickness, and that the films grown in a wet oxidation ambient have higher bre.akdown fields. Figure 4 shows the relation between B-mode failure rate and oxide thickness.
The B-mode failure rate is known to depend on the gate area, and the probability containing oxide defects causing B-mode failure under the gate area can be expressed roughly by a Poisson distribution. The area defect density p (cm-') in the oxide can be. calculated from following relation:"
where F is the B-mode failure rate, d,,, is oxide thickness, and A is the gate area. Because B-mode failure is thought to originate from defects in silicon, we extend this formula as follows:
where ps icme2j is surface defect density and pa (cm-") is bulk defect density. The value 0.45 means that silicon with the thickness of 0.455d,, is used to make oxide with the thickness of J,, .
Tf the bulk defects are distributed homogeneously, the following expression is valid:
In a plot of -ln( 1 -F) vs d,,, the intersection at d,,=O corresponds to ps ? and the gradient is proportional to pu . The straight lines in Fig, 4 suggests that the origin of B-mode defects is bulk rather than surface defects. Note, too, that the gradients for the dry oxidation and wet oxidation iai 'O -~~-- lines are similar. Calculated hulk defect density from the gradients is 6.7X 10" cm-". The line for wet oxidation, however, does not go through the origin, which may be due to the decrease of the B-mode rate by the shift of B-mode breakdown field strength. Figure 5 shows the minimum value of the B-mode breakdown field plotted against oxide thickness. The E-mode breakdown field changes are proportional to l/x6 as already reported? However, we found the big difference in the B-mode breakdown field between dry oxide and wet oxide. For the films grown under the wet oxidation ambient the B-mode breakdown field is shifted to higher field strength.
Figures b and 7 show histograms of the Qbd (total charge to breakdown) values obtained in the TDDB measurements, and the average Qbd values are plotted against oxide thickness in Fig. 8 . The average Qbd has a maximum value at a certain oxide thickness and the values measured for films grown under the wet ambient do not differ consistently from these measure.d for films grown under the dry ambient. Relatively small gate areas were used in the TDDB measurements, so the probability 011 a gate containing B-mode defects was negligible. These results thus mean that the difference in C-mode {intrinsic) breakdown between the dry oxide and we't oxide is small.
Irene showed the big difference in the breakdown histogram of dry and wet oxides for the first time5 using aluminum electrode and discussed the effect of pore structures observed by transmission electron microscopy (TEM). This observation was supported by Gibson and Dong,6 who used high-resolution TEM. In our experiments, we used polysilicon electrode to avoid the self-healing effect. However, diiferences between dry and wet oxidation we.re me.asured only in large-area MOS capacitors, there is no remarkable differences in small-area MOS capacitors. It therefore seems that the main factors causing the different breakdown characteristics in dry and wet oxides are not the fine structures in the oxide with pore densities of lo'"-10" cm-2, but instead are bulk defects in the oxide with densities of l-10 cm-z (corresponding to the bulk defect density of 10" cm-"). Some kind of bulk defects causing B-mode breakdown can be expected to be altered during oxidation. One possibility is the effect of hydrogen which is released at the Si/SiOz interface during wet oxidation. From this viewpoint, we speculate that B-mode defects in the bulk may shrink during wet oxidation. Shrinkage of bulk defects contributes to both the increase of B-mode breakdown field shown in Fig. 5 and the decrease of B-mode failure rate shown in Fig. 4 . The physical origin of B-mode failure observed in this experiment is not yet known, hut crystal originated particle (COP) defects are one possibility previously suggested by one of us7 Furthermore, Nicollian PC cz2.s reported that water-related traps exist especially in thick wet oxides. It is expected that these traps might weaken the electric field by charging negatively by the injection of electron from the electrode, which gives hetter bteakdown characteristics in wet oxides under the constant voltage TDDB measure.ment. However, in our experiment, clear differences in C-mode breakdown between dry and wet oxides were not found. We understand that this result is because the above argument is not valid in a constant current TDDB measurement but rather higher voltages were applied for wet oxides compared to dry oxides to maintain a constant current. 
IV. CONCLUSIONS
We fmnd that the difference in the breakdown characteristics of dry and wet oxidation is mainly the difference of B-mode failure. Wet oxidation can be expected to reduce or shrink as-grown defects (such as COP defects) causing B-mode failure.
